The magnetic susceptibility of the cluster compounds Mo 6 Se 8 and Mo 6 Te 8 has been measured at temperatures between 82 and 330 K, using a Faraday balance. The paramagnetic and diamagnetic components of the susceptibility have been analyzed. The Pauli component was evaluated using the density of states at the Fermi level obtained by band structure calculations, while the core component was evaluated using the calculated atomic core diamagnetism. The paramagnetic susceptibility of Mo 6 Se 8 is due mainly to the Pauli contribution, while the Van Vleck contribution is small, in agreement with the metallic feature of the compound. The paramagnetic susceptibility of Mo 6 Te 8 is due mainly to the Van Vleck term, while the Pauli contribution of the conduction electrons is very small. The result points out that the Mo 6 clusters in the telluride retain their molecular character, with small intercluster interactions.
Introduction
The ternary molybdenum chalcogenides known as Chevrel phases are a class of compounds extensively studied in the 1970es for their superconducting properties [1] and more recently as candidates for new thermoelectric materials [2, 3] . Their general formula is M Mo 6 X 8 , in which X = S, Se or Te and M can be a simple or transition metal atom, or a rare-earth element [4] . The building blocks of the crystal structure are binary Mo 6 X 8 clusters, in which an octahedron of Mo atoms stays in a cubic X 8 cage formed by eight chalcogens. The three dimensional stacking of such clusters has overall rhombohedral symmetry, with Mo 6 X 8 blocks twisted around the ternary axis, and contains large voids which can be filled with M metals to give ternary phases. Since the milestone paper of Andersen, Klose, and Nohl of 1978 [5] it was recognized that bonding in filled and unfilled Chevrel phases is mainly due to Mo and X atoms, with important Mo d -Mo d intracluster interactions and Mo d -X p covalent mixing. Successive studies agree on the basic feature of the overall distribution of the energy levels, i. e. a rough separation of the chalcogen p and Mo d states below the Fermi level, and 0932-0784 / 02 / 0500-0221 $ 06.00 c Verlag der Zeitschrift für Naturforschung, Tübingen www.znaturforsch.com the existence of a forbidden gap separating 12 Mo 4d states from the remaining 18 Mo 4d states [3, 6] . The Fermi level is just below this gap and lies in very narrow Mo 4d sub-bands which derive from the molecular orbital states of the isolated Mo 6 octahedra. In ternary phases, the metallic species M remains weakly coupled to the rest of the structure, with only secondary effects on the electronic properties, modifying the distance between the Mo 6 X 8 clusters, and therefore Mo 4d bandwidth, and providing electrons for band filling. This implies important consequence on the physical properties. For instance, the phases based on rare-earth (RE) REMo 6 S 8 and REMo 6 Se 8 show coexistence of magnetic order and superconductivity [7] . This is possible because the crystal structure is formed by the two nearly-independent sublattices, the first one, made of the Mo 6 X 8 units, which determines the transport and superconducting properties; the second one, made of the rare-earth atoms, which sustains the long range magnetic order.
The binary Chevrel phases Mo 6 X 8 , in which the metal voids are empty, permit the investigation of the properties of the cluster lattice alone. The aim of this work is to investigate the magnetic susceptibility of the binary Chevrel phases Mo 6 Se 8 and Mo 6 Te 8 . 
Experimental Procedure
The compounds Mo 6 Se 8 and Mo 6 Te 8 can be synthesised by direct combination of the elements. Mo 6 Se 8 has been prepared using high purity powders of molybdenum reduced in H 2 at 800 C, and grains of selenium. Stoichiometric amounts have been mechanically homogenised and pressed in a hydraulic press. The tablet has been sealed under vacuum in a silica tube and heated at 800 C for 2 days, 1000 C for 2 days and 1150 C for 2 days. The product showed traces of MoSe 2 in the X-ray diffraction (XRD) spectrum. Therefore a 2 nd thermal treatment has been applied, at 1000 C for 1.5 days and at 1200 C for 3.5 days, after which the final product appeared homogeneous.
Mo 6 Te 8 has been prepared using powders of molybdenum, reduced in H 2 at 800 C, and pieces of tellurium. Stoichiometric amounts have been sealed under vacuum in a silica tube; heated at 950 C for 11 days and on 1050 C for 5 days. The final product was homogeneous at X-ray diffractometric analysis; in particular no peak of metallic molybdenum appeared in the spectrum.
The X-ray diffraction spectra were collected, using a -2 conventional powder diffractometer (Siemens D500) and Cu-K radiation. The static magnetic susceptibility has been measured with the Faraday method using an RG Cahn electrobalance. The measurements have been performed on powder samples (150 mg) at temperatures ranging from 82 K to 330 K, with five different maximum magnetic fields, ranging from 0.63 T to 1 T. The susceptibility was found to be independent on the magnetic field, which rules out the presence of ferromagnetic impurities. The measurements at different temperatures have been performed under helium, using liquid air as cryogenic liquid. The measured susceptibilities were corrected for the diamagnetism of the sample holder. Table 1 and Table 2 give the XRD peaks of Mo 6 
Results

Discussion and Conclusions
In the absence of paramagnetic Curie-like terms, the main contributions to the total magnetic susceptibility tot in a solid are given by tot = core + P + L + VV where core is the diamagnetic core component, P and L are the Pauli and Landau-Peierls spin susceptibilities of conduction electrons, and VV indicates the orbital contribution to the paramagnetic susceptibility, analogous to the temuperature-independent Van Vleck paramagnetism of ions in crystal fields.
To separate the various terms appearing in the total susceptibility, we can first of all estimate the expected core diamagnetism, which can be evaluated using the calculated atomic diamagnetism of Mo +6 , Se 2 and Te 2 ions [9] . The core diamagnetic susceptibility has the value of -4.26 10 4 emu/mole for Mo 6 Se 8 and of -6.02 10 4 emu/mole for Mo 6 Te 8 . Among the spin terms, in the case of d electrons, treated in the tight binding approximation, the Pauli component P is of prime importance [10] . The Landau-Peierls diamagnetic susceptibility L , which is proportional to e / * and that is equal to -1 / 3 P in the case of free electrons [11] , can be safely neglected in the present case, owing to the low dispersion of the Mo 4d bands [10] .
The Pauli component P can be estimated from the value of the density of states at the Fermi level ( F ) by means of the relation
where B is the Bohr magneton and the Avogadro number.
The density of states ( F ) appearing in the previous expression is enhanced with respect to the band value ( F ) by the elec tron-elec tron interaction through the relation
in which exch is the electron-electron exchange interaction parameter [12] . The expected Pauli contribution to the measured susceptibility of Mo 6 Se 8 and Mo 6 Te 8 can be evaluated from (1) and (2), in which it is reasonable to use for exch the value obtained for metallic molybdenum ( exch = 0.04 Ry) [5] , owing to the fact that the exchange interaction is essentially intra-atomic and that, at F , the electronic states for Mo 6 X 8 compounds have essentially Mo character. With the theoretical ( F ) of 12.83 states/(spin Mo-atom Ry) [13] , we obtain P = 7.75 10 4 emu/mole for Mo 6 Se 8 . If we follow the same procedure for Mo 6 Te 8 , using a value of ( F ) of 0.5 states/(spin Mo-atom Ry) [13] , we obtain P = 0.15 10 4 emu/mole, which is one order of magnitude smaller than the measured susceptibility. By subtracting the estimated core and P from the experimental susceptibility at room temperature, we obtain a residual paramagnetic susceptibility of 1. 80 [5, 6, 13] . This difference can be understood on the basis of an ionic-covalent model for bonding in Mo 6 X 8 clusters, which assumes that there are covalent interactions between Mo atoms and the chalcogens leading to an increase of the formal electric charge on the Mo 6 octahedron [14] . More specifically, only for X = S a formal valence of -2 can be assumed for the chalcogen [15] , so that the eight sulphur atoms take A great deal of information about the band structure would be required to calculate and discuss the paramagnetic term VV , the expression of which in the tight binding approximation may be written as [10, 11] clusters is beyond the aim of this work. However, among the few attempts which have been made at correlate expression (3) to a limited number of crucial band and bonding parameters, we would like to mention the one connecting VV and bond character in complex diamond-like semiconductors [16, 17] . In that case the orbital paramagnetism is expressed as 0 VV (1 ), in which the covalency parameter (1 ) varies in the range 1 to 0 from ionic to covalent compounds, and 0 VV is the paramagnetic susceptibility in the case of purely exchange interactions. Following the idea of Pauling [18] , the degree of ionicity of a bond, denoted by , can be related to the electronegativity difference ∆ between the interacting atoms. For Mo-Se and Mo-Te bonds one has ∆ Se = (2.4 -1.8) = 0.6 and ∆ Te = (2.1 -1.8) = 0.3, so that an increase of VV can be expected from Mo 6 Se 8 to Mo 6 Te 8 , because the ionicity of the Mo-X bond decreases as one goes from the selenide to the telluride. It can be speculated that in the case of compounds containing Mo 6 clusters the quantity 0 VV can be identified with the orbital paramagnetic susceptibility of the isolated Mo 6 octahedron, in which 24 valence electrons saturate 12 two-centred metal-metal bonds. The high value of VV found in Mo 6 Te 8 therefore reflects the fact that in the telluride the Mo 6 octahedra retain strongly their molecular character, with minimum transfer of electrons from Mo to the chalcogen atoms.
